Objective: Methylation is known to regulate biological processes and alterations in methylation patterns have been associated with a variety of diseases. Chronic Fatigue Syndrome/Myalgic Encephalomyelitis (CFS/ME) is an unexplained disorder associated with immunological and molecular changes. CD4 + T cells specifically, regulatory T cells (Tregs) have been implicated in CFS/ME patients where significant increases in Tregs have been observed in these patients. Therefore the objective of this study was to examine methylation in CD4 + T cells from CFS/ME patients.
Introduction
Chronic Fatigue Syndrome/Myalgic Encephalomyelitis (CFS/ME) is an inexplicable disorder that affects 1-4% of individuals worldwide [1, 2] . CFS/ME patients are subject to severe incapacitating fatigue, post-exertional sickness, discrepancies in cognition, painful lymph nodes, muscle aches and unbalanced sleep patterns [3] . CFS/ME involves disruption to immunological processes including reduced cytotoxic activity and elevated levels of regulatory T cells [4] [5] [6] . Furthermore, CFS/ME patients may exhibit differential expression in genes that regulate various physiological processes known to be abnormal in CFS/ME [4, [7] [8] [9] [10] [11] [12] . To date a succinct pathomechanism for CFS/ME and concrete diagnostic biomarkers have not been identified.
DNA methylation is an epigenetic modification process where DNA methyltransferases adds a methyl group to the 5' position of cytosines of CpG dinucleotides [13] . The process of methylation has many consequences on gene expression as the extent and pattern of 5-methylcytosines dictates the rate of gene expression in a particular region [14] . In particular, DNA methylation recruits transcriptional co-repressors of the methyl-DNA binding domain family which repress the transcription of certain genes [13] . Regulation of DNA methylation is important, especially, during embryonic development, chromatin condensation and genomic imprinting [15] . Epigenetic modifications may have great value in various diseases including inflammatory and autoimmune diseases. Importantly, epigenetic modifications have been suggested to account for certain immune related diseases [16] . Increases and decreases in DNA methylation has been shown to regulate the expression of T cell related cytokines genes such as IL-2 and IL-6 [17] .
In CFS/ME changes in gene expression has been reported for a number of mRNA and microRNA genes involved in various immune processes. However, to date, the role of cell specific methylation in CFS/ME has not been explored. This study performed a differential genome wide methylation analysis on CD4 + T cells in CFS/ME patients and non-fatigued controls.
Materials and Methods

Ethical approval
Approval for the study was granted by the Institutional Ethics Review Board at Griffith University. Written informed consent was obtained from all participants prior to the study.
CFS/ME patients and controls
Twenty-five patients with CFS/ME (21 Females and 4 males; age= 50.31 ± 2.27) were enrolled into the study. These patients were assessed using the 1994 Centre for Disease Control and Prevention case definition (1994 CDC) Criteria for CFS/ME [3] . Majority of the CFS/ME cases were women, which is reflective of the high female to male ratio observed in CFS/ME cases. All patients reported active CFS/ME with low to moderate levels of physical activity and full time employment. A non-fatigued control group comprising 18 healthy participants with no incidence of CFS/ME or other medical conditions was also included in the study (10 Females and 8 males; age= 47.44 ± 2.16). Participants with autoimmune diseases, psychosis or smoking were excluded from the study.
CD4 + T cell isolation
A total volume of 20 ml of venous peripheral blood was collected from each participant in to EDTA containing tubes. Ficoll-hypaque density gradient centrifugation was used to isolate the peripheral blood mononuclear cells (PBMCs) from whole blood samples. Isolation of the CD4 + T cells was performed according to the manufacture's directive, using a negative selection protocol which required the use of magnetic beads labelled with markers that exclude the CD4 + T cell population (Miltenyi Biotec, Bergisch Gladbach, Germany). Isolated PBMCs were resuspended in a buffer solution of PBS, stained and incubated with a biotin solution at 4°C for 10 minutes. Following incubation samples were resuspended in PBS and stained with microbeads at 4°C for 15 minutes. The samples were washed by adding PBS solution and centrifuging at 300 x g for 5 minutes. The supernatant generated was discarded and samples were resuspended in a buffer. The cells in suspension were applied to columns attached to a magnetic stand, the flow through fluid containing the cells of interest were collected and snap frozen in liquid nitrogen and stored at -80°C until required for further processing.
DNA extraction and methylation
Genomic DNA was extracted using the QIAamp DNA extraction kit according to the manufacturer's instructions. Genome wide methylation was performed at the Australian Genome Research Facility (AGRF; The Walter and Eliza Hall Institute of Medical Research, Sydney). Assessment of integrity, quality and quantity was determined by the Nanodrop Spectrophotometer and electrophoresis on a 0.8% agarose gel. The EZ DNA Methylaiton kit (Zymo Research, Irvine, CA) was used in the Bisulfite conversion of DNA. This was then hybridized onto a beadchip. The Illumina HumanMethylation450K BeadChip assay (Illumina Inc., San Diego, CA) was the method of choice for performing the whole genome methylation. This assay contains 485,577 CpG targets. Enzymatic endpoint fragmentation, precipitation and re-suspension were used to amplify all the DNA samples. These samples were then hybridized for 16 hours at 48°C on to BeadChips. Dioxy nucleotide extension was used to achieve single nucleotide extensions. This was followed by a series of staining steps to differentiate biotin and DNP. The Illumina Human Methylation 450K Bead Chip assay (Illumina Inc., San Diego, CA) also covers miRNA promoter regions therefore we also examined methylation of the miRNA promoter regions with 200bp proximity. HRM analysis was performed for genes including NINJ2, HSPD1,  TEX14, HLA-C, RAD51C, FMN2, DGKQ, LIPT1, GJA9 and MYCBP. HRM analysis was performed on the LightCycler 480 II system (Roche Diagnostics, Mannheim, Germany). Each reaction mixture contained 5 μl of precision melt supermix (Bio-rad), 0.5 μl of each primer (200 nM) and 1-50 ng of DNA. The total reaction volume was 10 μl. The analyses were performed on a 96 well plate in triplicates. An initial pre-incubation step was set at 95°C for 10 minutes, followed by 45 cycles of 95°C for 10 seconds, with annealing at 58°C for 15s and extension at 72°C for 25s. Melting analysis was designed to cover temperatures from 65 to 95°C where temperature was increases at 0.1°C increments. Melt curve data was performed on the LightCycler software.
HRM analysis
Statistical analysis
Quality control checks were performed for target removal, staining for non-polymorphic probes, staining for negative controls, target removal, bisulfide conversion efficiency, hybridization efficiency and specificity. Analysis of the methylation data was performed with the GenomeStudio Illumina methylation module (version 1.8). Methylation levels of the different CpG loci were determined by the value of β (which is the ratio of the intensities between methylated and unmethylated alleles). The detection p value was set to <0.001, to eliminate poorly detected CpGs. Differentially methylated genes were characterized as genes with a fold difference ≥ 2.0. Gene Ontolology and Pathways enrichment analysis was performed using Partek ® Genomic Suite TM software, version 6.6 (Partek Inc., St. Louis, MO) where significant differences in expression were determined at enrichment scores ≥ 3 [18] . ANOVA was used to calculate significance of variation in normalized expression values between sample groups, fold change of gene expressions was calculated as mean ratio.
Results
Participant characteristics
The age of the participants was (CFS/ME: 50.31 ± 2.27 years; nonfatigued controls: 47.44 ± 2.16 years) and full blood counts were performed on whole blood samples from all participants prior to CD4 + T cell isolation. There were no significant differences observed in either the age or full blood count parameters examined in the CFS/ME and control groups.
Overall methylation pattern in CD4 + T cells
The present study compared and examined DNA methylation subtleties in CD4 + T cells from CFS/ME patients and non-fatigued controls. A total of 485 577 methylation sites in the genome were examined. Principle component analysis and hierarchical clustering of differentially methylated genes were used to determine the transcriptome profile and sources of variance in the groups (Figure 1) . A predominant trend of genome hypomethylation was observed in the CD4 + T cells from the CFS/ME patients compared with the controls. We detected 120 CpGs that were differentially methylated between the two groups and of these 85% were hypomethylated while 14.17% were hypermethylated. 75 of these methylated regions were linked to known genes while the remainder were unknown. These differentially methylated (dmCpG) sites were detected on chromosomes 1-22 with no particular concentration on one chromosome. Structurally these dmCpGs were located on the 3'UTR, 5'UTR and transcription start sites with a large proportion located within the gene. 30% of the CpG islands were associated with gene promoters.
Differential methylated genes
The dmCpGs were found in 75 genes in the CD4 + T cells. The gene with the most dmCpG site was NINJ2 where three CpG sites in this region were hypomethylated. Incidentally this gene contained CpG sites that were highly hypomethylated in the CFS/ME patients compared with the controls. This gene has not previously been associated with CFS/ME. Additionally, none of the genes identified in the present study has been previously associated with CFS/ME. miRNA methylation analysis generated 176 miRNAs with significant dmCpGs, of these miRNAs, 82 miRNA genes were hypermethylated while 94 were hypomethylated.
Gene ontology and pathway enrichment profile
To determine whether the dmCpGs were biologically significant, the Partek ontology enrichment tool was applied to all genes with dmCpGs that were significantly altered (p<0.05). Gene enrichment analysis detected 59 different functional terms (p<0.05) that were associated with dmCpG sites and these can be classified in to three groups, biological, cellular and molecular processes ( Table 1) . The most defining factor to suggest that these genes were detected in CD4 + T cells was the observation that some of these genes were related to MHC Class II receptor activity (HLA-DQB1). Genetic pathways specific to these sites were determined using the Kegg pathway analysis. The Kegg pathway analysis identified HLA-C and HLA-DQB1 as genes in the pathway with the highest enrichment score (Table 1 ). 
MicroRNA methylation pattern in CD4 + T cells
MicroRNA methylation patterns were examined in the CD4 + T cells from CFS/ME patients and non-fatigued controls. A total of 2291 methylation sites observed. Of these, 133 were differentially methylated between the two groups where 51.9% were hypomethylated while 48.1% were hypermethylated ( Table 2) .
Validation of methylated genes via HRM
Of the genes that were selected for HRM analysis we observed significant changes in the melting peak temperatures of DGKQ ( Figure   2 ). 
Discussion
This is the first study to report on a genome-wide DNA methylation analysis in CD4 + T cells from CFS/ME patients. This is also the first study to demonstrate significant hypo-and hyper-methylation sites in CD4 + T cells in CFS/ME patients. A predominant hypomethylation was observed in the CFS/ME patients and these were mostly located in the promoter regions of genes. The genes with dmCpG sites were associated with a number of gene ontology terms and pathways which were significantly enriched in the CFS/ME group.
Pathway enrichment analysis showed that most of the genes with significant dmCpG sites were involved in forty seven different pathways. Among these pathways the most significantly enriched were involved in type I diabetes mellitus, autoimmune thyroid disease, viral myocarditis, antigen processing and presentation and cell adhesion molecules. The genes related to these pathways were HLA-C and HLA-DQB1. HLA-C is a major histocompatibility complex I (MHCI) gene which has been associated with the progression of Human Immunodeficiency Virus (HIV) [19, 20] . The HLA-C molecule is recognized by Killer Immunoglobulin-like Receptors (KIR)s, KIR2DL1 and KIR2DL2,3. Amongst the CD4 + T cells there is a subgroup of cells characterized by non-MHC restricted cytotoxicity, with Natural Killer (NK)-like activity and HLA-Cw7 dependent inhibition of cytotoxic activity [21] [22] [23] [24] . Methylation in HLA-C may therefore affect cytotoxic activity mediated by CD4 + T cells and may suggest a role of HLA-C restricted T cell response in CFS/ME. In CFS/ME patients, cytotoxic activity is known to be reduced in both NK and CD8 + T cells, a global reduction in NK activity may persist in CFS/ME patients and this may be related to changes in the epigenetic patterns that regulate cytotoxic activity. Additionally, methylation in HLA-C may represent diversity in HLA-C restricted T cells as a consequence of reduced HLA-C expression on dendritic cells in the thymus during T cell thymic development [25] . HLA-DQB1 is a MHCII gene. Polymorphisms in a number of HLA-DQB1 haplotypes have been associated with susceptibility to certain types of cancers [26] . In particular, HLA-DQB1 has been identified as a risk factor for oesophageal cancer [27, 28] . HLA-DQ alleles, in particular HLA-DQA1*01 and HLA-DQB1*06 have been observed to be increased in CFS/ME patients although the increase in HLA-DQB1*06 was only minimal [29] .
Methylation in genes related to molecular processes such as membrane transport, kinase activity, nucleotide and ribonucleotide binding, GTPase activity and transferase activity, may suggest breakdown in molecular processes specific to CD4 + T cells in these patients. For example STK17B is involved in calcium and ROS signalling in CD4+T cells [30] and hypomethylation in this gene may alter this process. Additionally, methylation in TXNRD1 may affect the antioxidant capacity of T cells [31] . RPS6KA2 and SGK1 are associated with the regulation of the mechanistic target of rapamycin (mTOR) signalling which is important in lymphocyte survival, growth, differentiation and proliferation of T cells ensuring efficient metabolism, cytoskeletal organization and apoptosis [32] [33] [34] . Importantly, RPS6KA2 is also observed to be associated with the MAPK signalling pathway and these are important in T cell mediated responses. During T cell activation HSPE1 and HSPD1 form a complex which regulates the activity of pro-caspase 3 [35] . Differential methylation in these genes may therefore be detrimental to caspase activity. Importantly, mitochondrial dysfunction has been proposed to be involved in the CFS/ME disease presentation [36] [37] [38] , this may be associated with changes in NDUFA and OXA1L. Similarly, genes responsible for DNA repair, including ATM, RAD51 and RAD51C, were also differentially methylated in the CFS/ME patients.
Although, the precise function of a number of these genes in T cells is unknown (DOCK4, BRWD1, ASXL2, MED13, NPAT, C20ORF3 and PHF19) the observation that most of these genes are related to intracellular processes suggest potential abnormalities within the cell that may present in the form of increased cell numbers and changes in cytokine levels.
DGKζ (Diacylglycerol kinase, theta) is expressed in T cells and is known to regulate the magnitude of the TCR response by inhibiting MAPK activation and the expression of co-stimulatory molecules such as CD69 and CD25 [39] . In CFS/ME little is known about the status of the TCR. However, modulations in the expression of DGKζ may be important in the mechanism of the disorder.
Of the 176 miRNAs with significant dmCpGs, eight were CD4 + T cell specific miRNA genes including miR-124, miR-155, miR-181a, miR-142, miR-27a, miR-339, miR-340 and miR-425. MiR-155 is necessary for the differentiation and proliferation of CD4 + T cells in to the four main subsets (Th1, Th2, Th17 and Tregs) [40] [41] [42] . In FOXP3 specific Tregs, miR-155 is upregulated and a decrease in miR-155 decreases the number of these cells [40] . Changes in miR-155 regulation may account for the increases in Tregs observed in CFS/ME patients and the shifts in Th1/Th2 immune related responses [43] . Activation of the T cell receptor (TCR) involves a number of signalling pathways whose genes were methylated in the present study. Importantly, TCR signalling is modulated by miR-181a, as it inhibits autoreactivity by promoting central tolerance and enhancing TCR responsiveness [44, 45] . In the absence of miR-181a, autoreactive immune responses occur resulting in autoimmunity. miR-124 and miR-27a are over expressed in central memory and effector memory CD4 + T cells respectively during differentiation [46] . Among the CD4 + helper T cells, miR-425 is reduced in Th1 cells while miR-142 is increased in expression in Tregs [46] .
In conclusion, the present study has identified for the first time potential disruption in epigenetic pathways in CD4 + T cells and this may contribute to the pathogenesis of CFS/ME. The most important finding in the present study is the dmCpG in the DGKζ gene and CD4 + T cell specific miRNAs. As previous studies have observed changes in these molecules in CFS/ME patients it is possible to posit that these molecules may be important in deciphering a mechanism for CFS/ME. Epigenetic changes in immune cells may be an important component of CFS/ME.
